IntroDuctIon
Zinc-finger (ZF) domains of the Cys 2 -His 2 class are among the most common DNA-binding motifs found in eukaryotes. Each 30-amino acid domain contains a single amphipathic helix responsible for binding three base pairs of DNA through the formation of specific contacts 1, 2 . These domains can be covalently linked into multimodular proteins to recognize longer DNA sequences. When fused to effector domains such as transcriptional activators and repressors [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , methylases [18] [19] [20] [21] , recombinases 22, 23 , transposases 24 , integrases 25 , nucleases [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] or other domains [37] [38] [39] [40] , ZF domains can be used to direct transcription (upregulation or downregulation of specific genes), modify genes (targeted mutations, gene repair, epigenetic modification or gene replacement) or serve as novel diagnostic tools. Sixfinger proteins specifically recognize 18 base pair DNA sequences, in theory, a long enough region to be unique in the human or any other genome 11, 41 . This specificity has been demonstrated in transgenic plants and human cells using array analysis 8, 42, 43 . ZF-directed proteins have potential applications for the study of gene expression and function in normal and disease processes as well as for gene therapy for the treatment of cancer and genetic disorders.
Polydactyl ZF proteins and libraries
We have developed a simple system for creating ZF libraries and specific proteins based on three unique vectors containing all of the GNN 3 , ANN 4 or CNN 5 domains (Fig. 1, Supplementary Fig. 1 , and Supplementary Sequence Archive). This system will enable researchers who are not well versed in ZF technology to easily assemble libraries and designed polydactyl ZF proteins. The availability of these tools will greatly enhance the ability of scientists in the areas of gene therapy and gene regulation to specifically target a genomic site of interest.
Libraries of ZF proteins have proven to be useful for the selection of endogenous gene regulators [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . ZF domains designed to bind a specific target may do so in vitro but may not be able to bind the genomic target in vivo. Factors such as secondary structure, chromatin structure or binding of other proteins may prevent the designed ZF from binding to its intended genomic target. Using a library frees the researcher from choosing a predefined target site within a promoter. When an appropriate selection system is used in conjunction with the library, the ZF transcriptional regulator that binds to the optimal region in the promoter can be discovered 44, 45, 54 . This strategy may also result in the identification of new, indirect gene regulators that may be useful for pathway discovery. Libraries can also be used for the selection of specific phenotype changes to identify genes involved in normal and/or disease processes 46, 48, 51, 52, 54 . The libraries created with this protocol can also be used in bacterial 55, 56 , yeast 57, 58 and cell-free 59, 60 ZF selection systems.
Polydactyl ZF construction methods
Two protocols describing the creation of polydactyl zinc-fingers have been published 61, 62 . The Wright et al. 62 protocol describes modular assembly of zinc-finger proteins from a set of 140 ZF modules utilized by the Zinc-Finger Consortium Modular Assembly kit. Most of the ZF modules used in this protocol and others are actually derived from ZF modules published by the Barbas laboratory. The Carroll et al. 61 protocol describes a PCR-based method for constructing multi-finger proteins that are again largely derived from our reported domains. Both of these systems are good for constructing individual and designed ZFs. However, libraries created with these systems would probably not be representative of all possible ZF domains (note: the published manuscripts do not claim that these systems can be used to make libraries). One of the potential pitfalls of the Wright et al. protocol is that each ZF must be carefully mixed in equal molar quantities to ensure that the library is not biased and that numerous helices of redundant binding specificity are present. The Carroll et al. protocol utilizes PCR and thus mutations introduced because of polymerase fidelity and differential annealing of degenerate primers would bias libraries.
Maeder et al. 63 have used OPEN (Oligomerized Pool ENgineering) to create pools of three-finger proteins that target a defined 9 bp site. These pools can then be combined to select ZF proteins that bind a 9 bp target sequence in a bacterial two-hybrid system. This system was successful in selecting three-finger ZF proteins that when fused to nucleases were functional in human and plant cells. However, this system hinges on the construction of hundreds of pools of ZF and the selection of the correct pools. The pools are also limited to GNNs and some TNNs, which limits the available target sites.
Modular system for the construction of zinc-finger libraries and proteins
The SuperZiF system The system described in this protocol is ideal for creating ZF libraries and designed polydactyl ZF proteins. Three SuperZiF plasmids were synthesized in the pUCminusMCS vector (Blue Heron) containing all ZF domains previously published and characterized, one SuperZiF plasmid each for the GNN 3 , ANN 4 , and CNN
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ZF domains ( Fig. 1, Supplementary Fig. 1 and Supplementary Sequence Archive). For library assembly, XhoI and XmaI restriction sites are 5′ to each finger and AgeI and SpeI sites are 3′ to each finger ( Fig. 2, Supplementary Fig. 1 . To minimize repeated sequences, which may cause problems with recombination, plasmid propagation and sequencing, the nucleotide sequence for the Sp1C backbone was varied without affecting the amino acid sequence (see Supplementary Sequence Archive).
The SuperZiF system is also useful for engineering proteins to target specific DNA sequences. The Zinc Finger Tools 65 website can be used to identify potential ZF target sites and to design polydactyl ZF that target those specific sites. A scoring function is incorporated to help the user choose which of the proposed ZF proteins are likely to be the most specific for the selected DNA target. For constructing designed proteins, unique restriction sites were placed between each finger, enabling the isolation of any individual finger from the appropriate SuperZiF vector (Fig. 1) . Individual fingers can also be isolated and saved during the first step of the library construction process for future use when assembling designed proteins.
First we describe the method used to create a standard six-finger library from a single SuperZiF plasmid (SuperZiFGNN). Next, we describe a modified version of that method to create a five-finger library with 12 GNN (no GNGs) and 15 ANN ZF, which covers more sequence space than a library where every fourth base is the same. This GNH-ANN five-finger library was successfully used to Figure 2 for a complete map and the supplementary sequenced archive for the plasmid sequence). Next, the 1ZF library is cut with XmaI and SpeI to create a 1ZF insert and with AgeI and SpeI to create 1ZF vector (XmaI and AgeI have compatible overhangs and are both destroyed after ligation). These two pieces are ligated to create a 2ZF library. The 2ZF library is cut with AgeI and SpeI to create a 2ZF vector and the 1ZF insert from the previous step is ligated into this vector to create a 3ZF vector. Additional fingers may be added in a successive manner until the desired library length is obtained. This scheme can also be used to create designed clones by using individual fingers at each step rather than the libraries. select ZF proteins that were able to bind the γ-globin promoter and upregulate the transcription of this gene 54 . We have also included a method to create designed ZF proteins from either the SuperZiF vectors or from pre-selected one-finger clones, which can easily be recovered from the first steps in the construction of a standard sixfinger library. This method has been successfully used for the rapid assembly of chimeric ZF recombinases capable of transgene integration into the human genome with more than 98% accuracy 66 . Once the ZF libraries or designed clones are constructed, they can be cloned into a variety of expression vectors using the SfiI restriction sites that flank the ZF cassettes. Our group has constructed retroviral, lentiviral and transient expression vectors with both transcriptional activators and repressors (Table 1, Supplementary  Fig. 2 and Supplementary Sequence Archive) designed for SfiI cloning of polydactyl ZFs, which are available upon request 10, 11, 54, 67 . An adapted pMAL-c vector (New England Biolabs) 41 is also available for bacterial expression and purification by maltosebinding protein fusion. Using these vectors, selection methods can be employed to isolate ZF transcription factors with the desired target specificity 44, 45, 54 or phenotype change 46, 48, 51, 52 . Supplementary Fig. 1 and Supplementary Sequence Archive) available from our laboratory on request pSCV(see Table 1 , Supplementary Fig. 1 and Supplementary Sequence Archive) available from our laboratory on request Expression vectors (see Table 1 , Supplementary Fig. 2 • 
2|
Purify the digested SuperZiFGNN DNA fragment by electrophoresis on 2% agarose gel (1× TAE with EtBr). Cut out the 100-bp band and purify by 'Freeze and Squeeze' 69 or with the QIAquick gel extraction kit. Purify the pSCV vector with the PureLink PCR purification kit (Invitrogen).  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely.
3|
Ligate the purified pSCV vector and the 1ZF GNN insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess the library background (i.e., efficiency of digestion and dephosphorylation). Allow the ligation reaction to proceed overnight at room temperature (~25 °C). 6| After electroporation, add 1 ml SOC media each to the transformed ligation and control and transfer to 14-ml culture tubes. Incubate with agitation (250 r.p.m.) at 37 °C for 1 h.
7|
Plate 0.1 and 1 µl of the transformed ligation, and 1 and 10 µl of the transformed control onto SB plates containing 100 µg ml − 1 carbenicillin. Allow these to grow overnight at 37 °C. Mix the remaining transformed ligation with 100 ml SB with 50 µg ml − 1 carbenicillin. Incubate the culture with agitation (250 r.p.m.) overnight at 37 °C.
8|
Count the colonies on transformed ligation and control plates. To ensure 10× coverage of the library, 160 colonies per 1,000 µl of SOC culture are required. The transformed ligation plates should have at least ten-fold more colonies than the control plates to ensure < 10% background.
? trouBlesHootInG 9| Do a diagnostic digest for quality assurance of pSCV-1ZFGNN. Use the HiPure Plasmid Filter Maxiprep kit to recover the library of plasmid DNA from the 100 ml culture. Digest the library with SfiI for 1 h at 50 °C (shown below) to ensure that the insert is of the correct size. After digestion, use electrophoresis on a 2% agarose TAE gel with EtBr to ensure that a 100-bp band fragment is released. We occasionally see multiple inserts (a 300 bp fragment released) at this step. 
27| Repeat
Step 2 to purify the insert and vector. The insert fragment should be 300 bp.  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely.
28|
Ligate purified 3ZF GNN vector and 3ZF GNN insert using T4 DNA ligase (shown below). This master mix should be divided into three microcentrifuge tubes. Also set up a control ligation with no insert to assess the library background. Allow the ligation reaction to proceed overnight at room temperature. 31| After electroporation, add 1 ml SOC media each to the transformed ligations and control and transfer to 14-ml culture tubes pooling two transformed ligation cuvettes into one culture tube (three ligation tubes and one control culture tube). Incubate with agitation (250 r.p.m.) at 37 °C for 1 h.
32|
Combine the three ligation cultures into one tube. Prepare a 1:100 dilution of the ligation culture in SOC media. Plate 0.6 and 6 µl of the diluted ligation culture and the control culture onto SB plates containing 100 µg ml − 1 carbenicillin. Allow these to grow overnight at 37 °C. Split the remaining transformed ligation culture into two 150-ml flasks of SB with 50 µg ml − 1 carbenicillin. Incubate the culture with agitation (250 r.p.m.) overnight at 37 °C. 
38|
Purify the digested GNH DNA fragment by electrophoresis on 2% agarose gel (1× TAE with EtBr). Cut out the 100-bp band and purify by 'Freeze and Squeeze' 69 or with the QIAquick gel extraction kit.
39| Digest, CIP and purify the pSCV vector as instructed in Steps 1 and 2.  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely.
40| Ligate the GNH insert and pSCV vector as instructed in
Step 3.
41| Carry out Steps 4 through 7 with the pSCV-GNH ligation.
42| Count colonies on the transformed ligation and control plates. To ensure 10× coverage of the library, 120 colonies per 1,000 µl of SOC culture are required. The transformed ligation plates should have at least tenfold more colonies than the control plates to ensure < 10% background. ? trouBlesHootInG 43| Perform Steps 9 and 10 with pSCV-1ZFGNH. We occasionally see multiple inserts (a 300 bp fragment released) at this step. We highly recommend sequencing several clones from this library to check for possible GNG contamination. 
46|
Ligate purified pSCV vector (from Step 38) and the 1ZF GNH and ANN inserts using T4 DNA ligase (shown below). To ensure that each ZF is present in equal amounts, the ratio of GNH to ANN should be 4:5. Also set up a control ligation with no inserts to assess the library background. Allow the ligation reaction to proceed overnight at room temperature. 
52| Repeat
Step 2 to purify the insert and vector. The insert fragment should be 200 bp.  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely.
53|
Ligate purified 3ZF GNH-ANN vector and 2ZF GNH-ANN insert using T4 DNA ligase (shown below). This master mix should be divided into three microcentrifuge tubes. Also, set up a control ligation with no insert to assess the library background. Allow the ligation reaction to proceed overnight at room temperature. Purify the XhoI-SpeI ZF1 insert with the PureLink PCR purification kit.  pause poInt Purified insert can be stored at − 20 °C indefinitely.
59|
Ligate purified pSCV vector and the ZF1-compatible insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess the ligation background. Allow the ligation reaction to proceed overnight at room temperature. ) (optional), 2 µl of 3 M sodium acetate (NaOAc, pH ~5.2-6.0), and 50 µl of absolute ethanol. Let it stand at − 20 °C for at least 1 h. Centrifuge at ≥15,000g for 30 min. Remove supernatant and wash with 500 µl 70% ethanol. Centrifuge at ≥15,000g for 15 min. Remove supernatant and allow pellet to air-dry for 15 min. Resuspend DNA pellet in 10 µl nuclease-free water.  pause poInt Ligations can be stored in the NaOAc-ethanol solution or after resuspension in water at − 20 °C indefinitely. 62| After electroporation, add 1 ml SOC media each to the transformed ligation and control and transfer to 15-ml culture tubes. Incubate with agitation (250 r.p.m.) at 37 °C for 1 h.
61|
63| Plate 1 and 10 µl of both the transformed ligation and control onto SB plates containing 100 µg ml − 1 carbenicillin. Allow these to grow overnight at 37 °C.
64|
Pick several colonies, Miniprep and SfiI digest for 1 h at 50 °C (shown below) to ensure that the insert is of the correct size. Clones that have ZF1 inserted should release a 100-bp band and will become the ZF1 clone. Clones can be checked by sequencing with pSCVseqF primer. Purify the pSCV-ZF1 vector with the PureLink PCR purification kit.  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely. Purify the XmaI-SpeI ZF2 insert with the PureLink PCR purification kit.  pause poInt Purified insert can be stored at − 20 °C indefinitely.
66|

67|
Ligate purified pSCV-ZF1 vector and the ZF2 insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess background. Allow the ligation reaction to proceed overnight at room temperature. 70| Repeat digestion and purification described in Step 66 to generate a compatible ZF3 insert.  pause poInt Purified insert can be stored at − 20 °C indefinitely.
71|
Ligate purified pSCV-ZF1-2 vector and the ZF3 insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess background. Allow the ligation reaction to proceed overnight at room temperature. 75| Purify the digested ZF4-5-6 DNA fragment by electrophoresis on 2% agarose gel (1× TAE with EtBr). Cut out the 300-bp band and purify by 'Freeze and Squeeze' 69 or with the QIAquick gel extraction kit. Purify the pSCV-ZF4-5-6 vector with the PureLink PCR purification kit.  pause poInt Purified vector and insert can be stored at − 20 °C indefinitely.
76|
Ligate purified pSCV-ZF1-2-3 vector and the purified ZF4-5-6 insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess the background. Allow the ligation reaction to proceed overnight at room temperature. 80| Ligate purified expression vector and the library/clone insert using T4 DNA ligase (shown below). Also set up a control ligation with no insert to assess the library background. For large libraries, two to three ligation reactions may be required to reach the desired library size. Allow the ligation reaction to proceed overnight at room temperature. 
antIcIpateD results
In our experience, selection of ZFs from libraries has proven to be a reliable method for discovering proteins that are able to bind specific genomic target sites [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Designed ZFs, with domains designed based on a selected sequence, are not always able to bind their intended genomic target because of secondary structure, chromatin structure or occlusion of the DNA sequence by other endogenous DNA-binding proteins. Selection for functional ZF proteins with activity in the native environment of the cell thus leads to more reliably active ZF proteins. The library construction method presented in this protocol provides libraries that contain fewer mutations and less bias than libraries created using PCR-based methods or by mixing of individual ZFs. These libraries can also be used in bacterial 55, 56 , yeast 57, 58 and cell-free 59,60 ZF selection systems.
We have built a variety of libraries and specific clones that have been successfully used in different assays. Libraries constructed using this protocol have a very low background of nonfunctional proteins and insert-free vector DNA. As shown in Figure 3 , all of the randomly selected clones analyzed in the process of building the 5ZF GNH-ANN libraries contained the correct size insert for a five-finger protein. For these libraries, the background of insert-free vector was between 1 and 5%.
To demonstrate the success of library construction, the 4ZF and 5ZF GNH-ANN libraries assembled using the described protocol and cloned into pMX-VP64-IRES-GFP and pMX-KRAB-IRES-GFP were used to retrovirally transduce MDA-MB-231 (Fig. 4) . Toxicity problems during the construction of the libraries have been overcome by carrying out all the cloning in a non-expressing vector (pSCV), thus ensuring a non-biased library. 
